Coordinated taphonomic, geochronologic, and geochemical studies of bivalve death assemblages and their sedimentary environments of San Blas, Caribbean Panama, permit us to identify the major factors controlling skeletal degradation in mixed carbonate-siliciclastic tropical shelf sediments. Ten sites were studied along environmental gradients including water nutrients, grain size, and sediment chemistry (carbonate, organic carbon, and reactive iron contents). Taphonomic data were derived from naturally occurring bivalve death assemblages and experimentally deployed specimens of Mytilus edulis and Mercenaria mercenaria to determine environmental controls on types and intensities of postmortem damage to skeletal hardparts and to quantify short-term rates of damage accrual. Death assemblage shells were dated using 14 C and amino acid racemization techniques to examine shell persistence, scales of time averaging, and long-term rates of damage accrual, including correlations between shell damage and shell age. Pore water and sediment geochemical analyses were used to determine the pathways and extent of early diagenetic change in the different sediment-pore water environments. We found that carbonate shell preservation is enhanced in dominantly siliciclastic sediments compared to dominantly carbonate sediments. The most important factors limiting the postmortem persistence of shell material are (1) exposure above the sediment-water interface, which is enhanced in coarser-grained carbonate sediments and permits attack by bioeroders and encrusters; (2) the availability of abundant reactive iron mineral phases in the sediments, which promotes supersaturated pore waters and limits acid production; and (3) shell microstructure (rather than mineralogy), particularly organic content that is the focus of intense microbial attack. Thus, there is significant potential for enhanced carbonate shell preservation in areas receiving ferric-rich tropical weathering products, which are common in much of the tropics today and are associated with subduction systems in the geologic past. This suggests that paleodiversity estimates from carbonate tropical settings are minima and that siliciclastic settings are probably underestimated regions for carbon burial, given the large proportion of tropical shelf area characterized by such conditions and the relatively high proportional capture there of local carbonate production.
Introduction
Carbonate skeletons provide the main record of the history of macrobenthic life (e.g., Behrensmeyer et al. 2000) and the main pathway for the transfer of carbon into the lithosphere (e.g., Berner 1983) . The ate and noncarbonate shelves, an estimated 50% and 75%, respectively, of all produced carbonate is dissolved (Milliman 1993; Milliman and Droxler 1995) . Siliciclastic shelves are generally expected to have negligible carbonate preservation (1) due to low carbonate production rates of heterotrophic organisms (Lees 1975; James 1997 ) and (2) based on studies in temperate settings, highly seasonal dissolution rates in undersaturated overlying waters, and/or pore waters (Alexandersson 1979; Aller 1982; Aller 1998, 2001 ; but see Aller et al. 1996) . Siliciclastics are thus considered to be of only minor importance in global carbonate burial budgets (e.g., Milliman 1993 ) and tend to be viewed with suspicion as sources of paleobiological information (e.g., Green et al. 1993) .
Mixed carbonate-siliciclastic shelves have received increased attention from geologists (e.g., Mount 1984; Roberts 1987; Doyle and Roberts 1988; Alongi et al. 1996; Leinfelder 1997) . However, very little information is available on carbonate preservation in siliciclastics from tropical settings, despite approximately one-half of all tropical shelf areas being of siliciclastic or mixed carbonatesiliciclastic composition (Best 1998) . These settings are characterized by less seasonality and overall higher temperatures, which are expected to lead, on average, to increased carbonate and organic carbon production rates, more bioturbation (advection and sediment reworking), higher organic matter decomposition rates, and thus, probably higher carbonate dissolution rates, perhaps more than compensating for the higher production. Given the large number of physically and geochemically significant factors for carbonate preservation in tropical siliciclastic shelves and the range of positive and negative interactions they might have, we investigated whether net preservation of biogenic carbonate on such shelves is higher than, lower than, or little different from either temperate siliciclastic patterns or those of pure tropical carbonate shelves.
In 1994, we started a project examining skeletal carbonate preservation on the Caribbean continental shelf of Panama, where both carbonate and siliciclastic sediments are actively accumulating. Early results from both the Bocas del Toro region (Best and Kidwell 2000a, 2000b ) and the San Blas Archipelago (Best 1996 (Best , 2000 Kidwell et al. 2001) indicated that, contrary to expectations, there was significant skeletal carbonate present in the siliciclastic sediments and that its state of preservation (taphonomic condition) was on par with if not better than that from carbonate sediments.
Those results led to this integrated taphonomic, geochronologic, and geochemical analysis of carbonate burial in tropical siliciclastics (Best et al. 1999a (Best et al. , 1999b Ku et al. 2000) . Bivalve mollusks became the taxonomic focus because they are common across environments, possess both calcitic and aragonitic shell layers, and have skeletal microstructures ranging from low to high organic content. From the range of tests summarized here, we find that, contrary to geological intuition, a variety of physical and geochemical factors promote preferential preservation of bivalve carbonate in tropical siliciclastics relative to carbonate sediments. This finding is of global significance given (1) the areal extent of shelves such as San Blas that receive siliciclastic debris from intense humid weathering of mafic island arc terrains and (2) the implications for the quality of the fossil record in such settings and for the burial of biogenic carbonate.
Methods
Study Area and Field Sampling. The San Blas Archipelago is located on the Caribbean coast of the Isthmus of Panama, between the Panama Canal and the Colombian border. The outer chain of coastparallel cays is located approximately 20 km from the mainland. It is the surface expression of a semicontinuous barrier that extends east from Punta San Blas for more than 60 km and is associated with a broad range of carbonate sedimentary environments. Onshore, a series of short rivers, most having a small delta, deliver siliciclastic sediment derived from the humid tropical weathering of the San Blas Massif ( fig. 1 ). The total drainage area is ∼1500 km 2 , and it receives 12000 mm yr Ϫ1 precipitation (Cubit et al. 1989; D'Croz et al. 1999) . The watershed rises steeply to 700 m above the coast and is largely drained by short, steep-gradient rivers, typical of mountainous humid tropics (e.g., Milliman and Syvitski 1992) . This contrasts with more extensively studied large tropical river deltas such as the Amazon (Brazil) or Fly (Papua New Guinea) that drain extensive plains.
The San Blas Massif comprises a Cretaceous ophiolite complex composed of basalt, pillow lava, agglomerate, gabbro, diabase intrusives, chert, and siliceous limestones (Case 1974; Case et al. 1984; Escalante 1990 ). The massif is part of the Choco oceanic block, which overthrusts the Caribbean Plate to the north and rides on the subducting Nazca Plate to the south (Escalante 1990; Maury et al. 1995; Coates and Obando 1996) . These ophiolites were intruded by quartz diorite plutons in the Early Tertiary (Kesler et al. 1977; Case et al. 1984) . The Rio Gatun Fault, a sinistral strike-slip Defense (1984) and Woodring (1957). fault with vertical displacement toward the northwest, extends roughly east-west from the Canal Zone into the Golfo de San Blas (Woodring 1957; Kesler et al. 1990; Mann and Kolarsky 1995) . Manganese enrichment in exhalative deposits occurs near Ensenada Mandinga, and Fe and Cu porphyry deposits related to intrusions occur at the far eastern end of the archipelago (Kesler et al. 1990 ).
Sediment plumes from rivers interact with a trade wind-driven coast-parallel current that runs between the outer and inner shelf cays and through the Canal de San Blas (D'Croz et al. 1999). Prevailing northeast trade winds shift to the north and northwest during the middle of the rainy season (September-November) when the Intertropical Convergence Zone moves northward to lie approximately at the same latitude as San Blas. The rainy season (May-December) is characterized by a rise in sea surface temperatures (January-April, 25.9Њ-26.7ЊC; May-December, 27.3Њ-28.2ЊC) and a drop in atmospheric pressure (January-April, 10.7-11.2 hPa; May-December, 9.7-10.6 hPa; Sadler et al. 1987) . The tidal range is microtidal (!0.5 m; D'Croz and Robertson 1997) .
Known as the Comarca de San Blas or Kuna Yala, the San Blas coastal archipelago is the autonomous home of the Kuna Indians, whose low-impact lifestyle, veneration of the mainland, and strict control of access to the area result in a region with limited anthropogenic effects (lack of forestry and mining, limited fisheries depletion, and subsistence agriculture; see Clifton et al. 1997) . The Smithsonian Tropical Research Institute San Blas Marine Station, which served as a fieldwork base, was located on one of the cays off Punta San Blas at the western end of the region (it has since been closed; Alper 1998) . Through this field station, the area was the site of many studies for more than 20 yr (Shulman and Robertson 1996; Clifton 1997; Clifton et al. 1997; D'Croz et al. 1999) . These largely focused on the marine biology of the reefs off Punta San Blas and adjacent cays. Exceptions were the work by Freile (Freile and Hillis 1997) on Halimeda sediment production near Pico Feo and by Sare (Sare and Humphrey 1997) and MacIntyre (MacIntyre et al. 2001) on the geology and hydrogeology of the outer carbonate cays.
Shelf seawaters, subtidal sediments, and pore waters were sampled using a variety of shipboard and scuba techniques, including box and cylinder cores and grab samples (for details, see Best 2000 and forthcoming; Ku 2001; Ku and Walter 2003) . Subtidal sedimentary environments of the San Blas shelf are divided into siliciclastic (!30 wt% carbonate), carbonate (150 wt% carbonate), and mixed (30-50 wt% carbonate) facies, based on the weight percent bulk carbonate content as described in "Pore Water and Sediment Chemistry" ( fig. 1, table  1 ). Pore water chemistry was studied at the nonreefal sites within the study area (as defined in table 1). Sedimentation rates are not explicitly known for these sites but are estimated from sediment accumulation on experimental arrays deployed for 3 yr. The
210
Pb results indicate siliciclastic sedimentation rates on the order of 0.5-2.5 cm yr Ϫ1 in siliciclastic sites, which is consistent with that observed with the experimental arrays (M. M. R. Best, Note. In addition to bulk analyses, separate analysis of the mud fraction has been used to clarify the nature of the matrix (mud) versus the coarse fraction. Sediment data are averages of grab samples and shallow cores (upper 20 cm); Fe-HCl is the sediment iron extracted by the boiling-HCl extraction method of Berner (1970) . Water characterization is based on quantitative measurements (phosphate, nitrate/nitrite, silicate, visibility) summarized from Best (2000) . applicable. NA p not unpublished data). Generally, coastal siliciclastic sedimentation rates tend to be similar to, if not an order of magnitude greater than, carbonate sedimentation rates (Kukal 1990) .
Shell Material for Taphonomic Analysis. Taphonomic analysis focused on 10 sites at depths of 3-10 m, across a range of sediment composition (22-100 wt% carbonate, 0.8-4.2 wt% organic carbon, 0.06-4.87 wt% iron), grain size (coarse sand to clayey mud), water chemistry (oligotrophic to mesotrophic), and biological community (reef, sea grass, soft-bottom benthic; table 1, summarized from quantitative data in Best 2000) . Skeletal death assemblages were collected at the 10 sites by washing a minimum of three replicate 5-L grab samples through 8-mm and 2-mm sieves, with the taphonomic study focusing on the coarser fraction. In addition, two commercially available temperatelatitude species of bivalves, Mercenaria mercenaria and Mytilus edulis, were experimentally deployed to test the effect of exposure above, at, and 20 cm below the sediment-water interface over periods of 9-27 mo. These two species provide contrast in shell microstructure, mineralogy, and robustness (M. mercenaria, thick, low-organic aragonitic shell; M. edulis, thin, high-organic aragonite ϩ calcite shell; Taylor et al. 1969 Taylor et al. , 1973 . Unless otherwise specified, results are for all deployment periods.
Macroscopic Multivariate Taphonomic Analysis.
To characterize their state of preservation, bivalve shells from both natural death assemblages (∼200 specimens 18 mm per site) and experimental arrays (8 valves/taxa/treatment/array) were examined under #10 magnification using a stereographic microscope and coded for variables describing encrustation, bioerosion, margin modification, fragmentation, fine-scale surface alteration (by microstructural sector), and color alteration. Fine-scale surface alteration ranges from loss of original luster to a fine-grained roughening or spalling of the surface and may be the product of microboring, maceration, abrasion, and/or corrosion, which are distinguishable only via scanning electron microscope (SEM; texturally similar to "corrasion" of Brett and Baird [1986] ). Observations were made on shell interiors because such damage would be largely postmortem, therefore damage estimates are a minimum. Macroscopic features were then further investigated on uncoated specimens in a JEOL-JSM 5800 LV SEM under low vacuum (magnifications up to #5000). Compositional spectra of mineral precipitates were simultaneously produced using the Oxford Instruments ISIS-300 microanalysis beam.
Macroscopic taphonomic data are summarized as the percentage of shells from each sample that display a given variable (with a 95% confidence interval). A multivariate percentage frequency data set (31 variables) was further investigated using two-dimensional nonmetric (monotonic) multidimensional scaling (NMDS; in Systat 5.2.1) sample and variable ordinations, using Euclidean distance matrices in order to preserve common absences (other similarity measures commonly used with diversity data deemphasize or dismiss common absences, whereas these absences are significant with taphonomic data). The deployment positions, periods, and experimental taxa at each site were treated as distinct samples. Because the scaling and orientation are arbitrary in the solutions of NMDS, the axes can be rotated or reversed without misrepresenting the result, as only the relative distances among sites must be conserved. Groups within Euclidean matrices (bases of NMDS ordinations described above) were tested using ANOSIM (PAST ver. 1.37; Hammer et al. 2001) . Separate matrices were compared using Mantel tests (Manly 1994; Sokal and Rohlf 1995) , initially programmed in Visual Basic for Excel and confirmed in GenAlEx (Peakall and Smouse 2006) .
SEM Characterization of Nacre Tablet Degradation.
To further track postmortem modification of shells at the microstructural level, we focused on the inner nacreous shell layer of Mytilus because it was expected to have high reactivity based on lab experiments (Glover and Kidwell 1993; Harper 2000) . Nacre is a high-organic aragonitic microstructure composed of thin roughly hexagonal tablets ( mm), each surrounded by a proteina-1-2 # 5-10 ceous organic matrix (Taylor et al. 1969) . Under SEM, nacre was characterized in terms of the degree and style of tablet degradation, including edge modification, holes, and loss of tablet definition (table  2) .
Shell Ages in Death Assemblages. Age control was based on analyses of single shell fragments by accelerator mass spectrometry (AMS; University of Arizona) of 14 C, combined with amino acid racemization (AAR; Northern Arizona University), together yielding 45 dated shells (Kidwell et al. 2005) . For AAR analysis, we used the procedure of Kaufman and Manley (1998) , which yields precise separations of d and l enantiomers of aspartic acid and glutamic acid (Glu) from small shell fragments. To avoid variability in racemization rates within shells (Carroll et al. 2003) and among taxa, all specimens were sampled from a homologous position (posterior half used for AAR, umbo and anterior for AMS), and most dates are from a single bivalve genus (Pitar; 10 of 12 shells used to calibrate the age equa- Note. Shells analyzed here were deployed at experimental sites for 1 yr, buried 20 cm below the sediment-water interface. Characterization is based on 13 shells/ treatment and 13 locations per shell. Edges of the tablets were categorized as sutured (tablet contacts not visible, i.e., organic matrix intact), smooth (initial loss of organic matrix), scalloped (tablet edges corroded, possibly from microbially produced CO 2 ), lacy, and comb or star structure (more advanced dissolution damage). Holes in the surface of the tablets were subdivided into small (!0.5 mm) or elongate. Tablets also displayed a loss of definition of the tablet form, which probably reflects advanced dissolution from undersaturated waters. Secondary precipitation of calcium carbonate produces a fine-grained, smooth-margined texture (as opposed to the concave margins above), a welding of tablet contacts, or distinct crystals of authigenic minerals.
tion, and 26 of 33 additional shells were dated by applying that equation to Glu AAR values; see Kidwell et al. 2005 for details). Because our aim was to determine maximum scales of time averaging per assemblage, we preferentially dated the poorestcondition shells at each site.
To test shell preservation state as a function of shell age, before dating, all shells were scored for macroscopic damage following the procedure described above for macroscopic multivariate taphonomic analysis. The first dimension of a twodimensional NMDS ordination captured most of the variability, with pristine shells and highly damaged shells plotting at the opposite ends of the axis, so this was used as a proxy for damage (for twodimensional plot, see Kidwell et al. 2005) .
Pore Water and Sediment Chemistry. Detailed analytical methodologies are given by Ku et al. (1999) ; Ku (2001) ; Ku and Walter (2003) ; and T. C. W. Ku, L. M. Walter, and M. M. R. Best, unpublished manuscript. Sediment and pore water samples were collected in diver-collected box cores (upper 24 cm) and push cores (upper ∼80 cm) and processed in 2-cm (box cores) or 8-12-cm (push cores) intervals under an N 2 atmosphere. Pore waters for the nonreefal carbonate, mixed, and siliciclastic sites were extracted by centrifugation, filtered, and preserved for various measurements. Sediment and seawater pH's and temperatures were determined on-site. Total alkalinity was measured by the Gran titration method with a precision of ‫%5.0ע‬ (Gieskes and Rogers 1973) . Pore water SH 2 S analyses were done with headspace gas chromatography. Anion (SO 4 Ϫ2 , Cl Ϫ ) concentration was determined by ion chromatography and electrometric endpoint titration with 2j precisions of ‫%1ע‬ and ‫,%2.0ע‬ respectively. Concentrations of dissolved Ca were measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) with precision of ‫%1ע‬ (2j). Sediment samples were oven dried and homogenized for subsequent measurements. All sediment analyses were reported on a dry weight basis. Carbonate carbon and organic carbon analyses were done on both bulk sample and mud fractions using a Carbo-Erba NA-1500 elemental analyzer and the methods of Verardo et al. (1990;  analyses done at Northern Illinois University by P. Loubere and E. Castenson). Sediment iron extractions were carried out using the boiling-HCl method of Berner (1970) , and extractant Fe concentrations were measured by ICP-AES using gravimetric standards of similar matrices. Acid-volatile sulfur (mostly iron monosulfides) and chromium-reducible sulfur (CRS; elemental sulfur and pyrite) were measured using a modified extraction scheme of Canfield et al. (1986) . Concentrations of CRS were considered to represent pyrite sulfur. Degree of pyritization (DOP) values quantify the degree to which the available iron has been converted into pyrite. The DOP is defined as the amount of pyrite iron divided by the amount of pyrite iron plus HCl-soluble iron (Berner 1970; Raiswell et al. 1994 ). In some sediments, the boiling-HCl method can overestimate the amount of iron available for pyritization (e.g., Raiswell and Canfield 1996) , but this does not detract from the major conclusions of this article.
Abundance and Nature of Carbonate
Samples from carbonate, mixed, and siliciclastic facies all contain significant skeletal carbonate. In particular, sediments where the dominant matrix is siliciclastic (mud, !30 wt% carbonate) contain up to 47 wt% bulk carbonate (table 1) . This contrasts with temperate shelf siliciclastics such as those from Long Island Sound, an embayment that contains ∼2 wt% CaCO 3 (e.g., Green and Aller 2001) , and tropical siliciclastic shelf sediments of the Amazon (Aller et al. 1986 ) and Fly deltas (Alongi 1992) , where little to no skeletal carbonate is reported (0.7-3.1 wt% CaCO 3 ). The production of skeletal carbonate in San Blas is not hindered by the high physical mobility of sediment such as seen in large river deltas (Aller et al 1986) . Communities of macrobenthic carbonate-shelled organisms such as bivalves are thus able to become established in significant diversity and abundance.
In San Blas, siliciclastic facies contain predominantly molluscan bioclasts, which are abundant and probably benefit from the higher nutrient regime of the coastal waters. However, contrary to models of skeletal distribution (e.g., Lees 1975) , skeletal material in these facies is not limited to heterotrophic organisms; Halimeda (carbonate green alga), which is a major source of carbonate production in tropical carbonates (e.g., Freile et al. 1995) , is also present in a number of siliciclastic sites. Significant Halimeda input occurs on submerged river deltas (e.g., Rio Agua) and along the shallow margins of high-organic mixed carbonatesiliciclastic inlets (e.g., the Ulagsukun inlet). This is contrary to standard models of environmental association (Lees 1975; Mount 1984; Carannante et al. 1988) , which suggest that Halimeda would not occur in turbid/high-nutrient areas associated with siliciclastic input. It is, however, consistent with occurrences in the Balearic Islands of Spain (Fornos et al. 1992 ) and on the Mahakam delta of Indonesia (Granier et al. 1996; Roberts and Sydow 1997) . In addition to bivalves and Halimeda, death assemblages from San Blas contain gastropods, echinoids, plant material (wood, leaves), and, where immediately adjacent to the small bioherms that form on highs of the submerged deltas and inlets, small amounts of coral and bryozoan fragments (for details, see Best 2000; Kidwell et al. 2001) .
Bivalves and gastropods also dominate in nonreefal carbonate sites, with the exception of Pico Feo Seagrass, where Halimeda again plays an important role. In reefal sites, corals become a dominant source of skeletal material; they are also a significant source of bioclasts for areas of Pico Feo Lagoon immediately adjacent to patch reefs. Therefore, the main difference among sites in skeletal taxa, and therefore potential carbonate production rates, is between reefal sites and all nonreefal sites, regardless of sediment matrix composition.
Evidence for the Differential Preservation of Carbonate
Condition of Skeletal Carbonate-Death Assemblages. Bivalve death assemblages of the 10 experimental sites fall into three taphonomic groups based on the NMDS ordination of taphonomic data (ANOSIM, ): those from reefal carbon-P p 0.0108 ates, those from nonreefal carbonates, and those from siliciclastic and mixed facies. A significant correlation between this taphonomic ordination and that of sediment and water characteristics (Mantel test, ) underlines the influence P p 0.030 of environment on the taphonomic signature ( fig.  2) . Shells from reefal carbonates typically display extensive fine-scale surface alteration and high levels of bioerosion (exhibited by up to 90% and 70% of shells, respectively). Shells from nonreefal carbonates display a greater tendency for pervasive surface alteration (!40% on average show patchy alteration), some microboring (2%-20%), and lack of staining (K15%). Shells from siliciclastic and mixed sediments display pervasive staining (40%-90%) and patchy surface alteration (160% on average), which correlates with root etching and microboring.
Condition of Skeletal Carbonate-Experimental Arrays. Shells deployed experimentally on posts and on string tethers for up to 27 mo indicate that, considering the entire study area and all treatments, the first-order control on shell persistence is exposure above the sediment-water interface (Best 2000) . Exposure produces high levels of bioinfestation (encrustation and bioerosion) in both loworganic aragonitic Mercenaria and high-organic bimineralic Mytilus shells in all environments within the first year ( fig. 3 ). Sediment texture, through its correlation with shell exposure above the sediment-water interface, is thus predicted to exert a strong influence on taphonomic state; shells from coarser-grained facies, which in this study area are dominantly reefal carbonate, should have higher frequencies of bioerosion and bioencrustation than shells from muddy facies, because of increased exposure. This prediction is borne out by patterns of damage in death assemblages, as described above.
For shells deployed at or below the sedimentwater interface, shell condition is controlled primarily by early diagenetic reactions and thus a function of sediment composition. Shells buried at carbonate sites exhibit higher weight loss (Mytilus) and greater retreat of the margin of the inner shell layer from the commissure (Mercenaria) than shells deployed in siliciclastic sediments (Kruskal-Wallis, ), suggesting that carbonate sediments are P ! 0.05 less conducive to shell preservation. Weight loss is generally higher for shells deployed at the sediment-water interface than for continuously buried shells (Best 2000) . This is presumably because the uppermost part of the sedimentary column is most likely to experience aerobic decomposition of organic input, resulting in corrosive pore waters (cf. Aller 1982) .
The SEM examination of experimental shells highlights these differences and allows microstructural changes to be assessed (table 2; fig. 4 ). In carbonate sediments, both maceration of microstructural organic matrix and chemical dissolution of crystallites are evident (table 2; fig. 4e, 4f ). By contrast, in the iron-rich siliciclastic sediments, shells are discolored due to precipitation of secondary minerals on shell surfaces, and shell modification is predominantly via microbial maceration of organic matrix; there is little or no evidence of pervasive chemical dissolution of first-order crystallites ( fig. 4c, 4d ). The energy dispersive spectroscopy analysis indicates that secondary precipitates on shells in siliciclastic sediments include iron-rich clays, iron carbonate, and calcium carbonate (Best 2000; Ku and Walter 2003) .
Sequential observations over the 27-mo deployment indicate that weight loss and microstructural modification do not proceed linearly. Instead, modification occurs rapidly within the first year and then decreases as shells (1) are covered with epibionts during exposure, (2) lose the labile or readily accessible portion of their organic matter, and/or (3) are annealed with secondary mineral films (Best 2000) .
Shell Ages and Damage Levels in Death Assem-
blages. Based on 45 dated shells on the modern San Blas shelf (inside cays), surficial sediments are dominated by recently produced dead shells ( fig. 5) . However, death assemblages in siliciclastic sands and muds contain shells up to ∼5400 yr old, with a median shell age of 375 yr, whereas median shell age in carbonate sediments is much shorter (72 yr), despite the inclusion in reef pockets of outlier 1-3-ka shells (Kidwell et al. 2005 ). These differences in apparent shell persistence are consistent with differences in damage levels in both death assemblages and experimentally deployed shells (described above); bivalve shells from carbonate settings are in significantly worse condition from bioerosion, bioencrustation, and surface alteration at younger ages ( fig. 5 ). Ku et al. 1999) . In San Blas sediments, excess Ca ϩ2 values ranged between Ϫ0.3 and ϩ0.7 mM (fig. 6 ). Eighty-five percent of all pore Kidwell et al. 2005) . Shells younger than ∼100 yr in both siliciclastic and carbonate settings can exhibit a range of damage states, indicating that initial damage accrual is erratic but can be rapid in both settings. Based on the full age spectrum, however, shells from carbonates range up to poorer conditions than shells of similar or greater age from siliciclastic and mixedcomposition sediments, suggesting more intense recycling in carbonate sediments. Maximum shell ages in the two sediment types differ significantly at using P ! 0.02 extreme-value statistics (Kidwell et al. 2005) . cal yr p years. calendar waters had excess Ca ϩ2 values greater than 0, and in general, the highest excess Ca ϩ2 values were found in carbonate or mixed carbonate-siliciclastic sediments ( fig. 6 ). Although excess Ca ϩ2 values ‫2.0ע(‬ mM) of 0 were analytically indistinguishable from overlying seawaters, calculated aragonite saturation states decreased from ϩ3.3 to ϩ4.5 in overlying seawaters to near ϩ1 (saturation) in the upper 2 cm of sediment ( fig. 7) . In all cases, aragonite saturation states then increased with sediment depth, indicating that chemical dissolution was dominantly occurring in the upper few centimeters of sediment ( fig. 7) fig. 7) . The mixed and siliciclastic sediments had high concentrations of total iron (1.2-6.9 wt%) and HCl-soluble iron (0.8-5.4 wt%; table 1 for averages; fig. 7 ; Ku 2001) . These sediment iron concentrations are significantly higher than those found in nearshore temperate sediments, but they are similar to sediment iron concentrations found in tropical shelf sediments near the Amazon River and the Gulf of Papua (Aller et al. 1986; Alongi et al. 1993; Raiswell and Canfield 1998) . In contrast, the carbonate sediments had much lower total iron (0.1-0.3 wt%) and HCl-soluble iron (0.04-0.22 wt%) concentrations (table 1 for Best, unpublished manuscript) . Excluding the three deepest intervals of the Rio Agua (site 55) core, the average DOP value of the carbonate sediments was 0.62, which was significantly higher than the average of the mixed and siliciclastic sediment value of 0.11 ( fig. 7; Ku 2001) . Thus, most of the iron in the carbonate sediments was converted into pyrite in the upper 20 cm, while on average, only 11% of iron in the mixed and sil- Figure 7 . Sediment depth versus sediment and pore water chemistry for San Blas nonreefal carbonate, mixed, and siliciclastic sediments. Fe-HCl is the sediment iron extracted by the boiling-HCl extraction method of Berner (1970) and represents the concentration of available iron that could be converted into pyrite. Degree of pyritization (DOP) values represent the fraction of available sediment iron that has been converted into pyrite (see text). Overlying seawater and pore water aragonite saturation indexes (SI) were calculated using apparent seawater equilibrium constants for aragonite and the carbonic acid system after adjusting for temperature, salinity, and boric acid (Mehrbach et al. 1973; Millero 1979 Millero , 1995 Mucci 1983) . Pore water Fe concentrations are also given, distinct from sediment iron concentrations. Seawater values are shown at zero sediment depth. iciclastic sediments was sulfidized. Note that the DOP values at the restricted carbonate cay lagoon (site 58) were constant, with sediment depth at ∼0.8 cm ( fig. 7) .
Factors Controlling Differential Preservation
The broad range of environments available on the San Blas shelf allows us to investigate the effects of sediment composition (grain size, carbonate, organic carbon, iron) on the preservation of skeletal carbonate. Across both siliciclastic and carbonate environments, both death assemblages and experimental shells show that the dominant control on skeletal degradation is exposure to bioeroders at or above the sediment-water interface (e.g., fig. 3 ; Best 2000 and forthcoming). During burial, multiple lines of evidence (macroscopic appearance, weight loss, SEM of nacre, shell ages) indicate that shell preservation is favored in siliciclastic facies. Pore water analyses document that (1) chemical dissolution is more important in carbonate than siliciclastic settings, (2) it occurs primarily in the upper zones of the sediment, and (3) early diagenetic conditions are fundamentally different between siliciclastic and nonreefal carbonate sediments. In the following sections, we discuss how these patterns are a function of sediment composition.
Exposure and Exhumation of Shells Promote Bioero-
sion. Based on both experimental arrays and observations on natural death assemblages, bioerosion and dissolution are the two most aggressive processes of carbonate shell destruction in the San Blas study area, and both can be linked to exposure and repeated burial-exhumation cycles at the sedimentwater interface.
Our experimental arrays indicate that if a shell is not buried rapidly after death, it is subject to immediate bioerosion, and even shells that are only temporarily or intermittently exposed (e.g., those loosely tethered at the sediment-water interface) become infested (Best 2000) . In death assemblages, frequencies of bioeroded shells are higher in carbonate sites that are also coarser grained (less mud), whereas the generally finer grain sizes encountered in mixed and siliciclastic sites tend to coat shells at the sediment-water interface, excluding infesters. In the muddiest siliciclastic sites, a significant nepheloid layer is common, and the sedimentwater interface is generally soupier in consistency. These conditions should degrade living conditions for bioeroding and microboring animals by reducing available light and oxygen and reducing the efficiency of filter feeding (e.g., for boring sponges).
In the absence of rapid burial, bioerosion destroys skeletons at rates that are orders of magnitude faster than chemical dissolution (e.g., Hutchings 1986 ).
The grain size and mass properties of sediment and local bioturbation intensity determine whether a shell is buried. Although we have no quantitative information, qualitative observations indicate that shell exhumation by advecting bioturbators is higher in carbonate sites and particularly the reefs. Specifically, coarser-grained (carbonate) sites are characterized by larger numbers of shells exposed at the sediment-water interface and by higher densities of active callianassid shrimp mounds, and net sediment increase was rarely observed against the posts of our experimental arrays, all in contrast to siliciclastic sites. We thus infer more frequent burial/exhumation cycles and assume greater seawater advection into the sediments. In general, particularly in the tropics, carbonate sediments tend to be coarser grained on average because of the in situ production of large grains. By contrast, siliciclastic sites not only are distal from the sediment source, with resultant sorting, but are also often sheltered behind a carbonate barrier (as seen in San Blas), which dissipates wave energy that might otherwise winnow muds from muddy sands of the coastal deltas. Sedimentation rates also affect shell burial rates. Again, the tendency is for carbonates to have lower net accumulation rates than siliciclastics (Kukal 1990) , therefore increasing the likelihood of extended exposure in carbonate compared to siliciclastic facies.
Sediment mass properties and bioturbation intensity not only influence the exposure of shells to bioerosion but also control pore water mass transport and oxygen levels within the sedimentary column. These in turn are key ingredients for carbonate dissolution reactions during early burial, as discussed in the next section.
Taphonomic and Geochemical Evolution within San
Blas Sediments. In addition to differences in levels of damage from bioerosion, San Blas death assemblages and experimental shells both reveal differences in chemical dissolution between carbonate (sites 50, 56, 58), mixed composition (sites 53, 59), and siliciclastic facies (sites 54, 55). Shells in carbonate sediments display the most extensive dissolution features and also have lower median shell ages (table 2; figs. 4, 5).
As possible causes of this difference, consider the two most important organic matter oxidation pathways in coastal sediments affecting carbonate dissolution, namely, oxic respiration and sulfate reduction (Jorgensen 1982; PO p 1 mM borate p 420 mM O p 300 mM NO p 4 2 3 (Broecker and Peng 1982) . Marine phytoplankton 16 mM with Redfield C : N : P ratios is considered the organic carbon source, and aragonite saturation indices were calculated as explained in the figure 7 legend. The oxic respiration line shows the complete utilization of dissolved O 2 , as explained in the text. Model lines representing the fate of produced sulfide from bacterially sulfate reduction are shown: "100% H 2 S precipitation" and "no H 2 S precipitation." 1991). During oxic respiration, pH decreases, and SI aragonite decreases to values !1 due to the addition of H 2 CO 3 and the oxidation of ammonia to nitrate. During the initial stages of sulfate reduction, carbonate undersaturation and SI aragonite evolution depend on how completely H 2 S is removed from solution. If H 2 S is allowed to accumulate in solution, the H 2 S buffers the pH to values slightly below 7 and causes aragonite undersaturation; aragonite supersaturation occurs only after significant alkalinity is produced by sulfate reduction (e.g., BenYaakov 1973) . However, when abundant reactive sedimentary Fe is present, H 2 S readily precipitates from pore water, causing pH to rise; the saturation index for aragonite quickly reaches saturation and progresses to supersaturated conditions (Canfield and Raiswell 1991) . If such sediments are remixed into the oxidized sediment layer, reduced H 2 S (aq) or solid iron sulfide can be reoxidized, producing acid and relowering the saturation state of aragonite. Where it occurs, iron reduction also figures into aragonite saturation levels because of its production of alkalinity and suppression of the sulfate reduction zone within the sedimentary column (see discussion at the end of this section).
In San Blas, pore waters at carbonate back-reef lagoon sites (50, 56) show only minor evidence for sulfate reduction and carbonate dissolution, slightly elevated alkalinities compared with levels in overlying seawaters, and SI aragonite values greater than 1 (figs. 7, 8) . Figure 8 shows the SI aragonite versus alkalinity values of the San Blas pore waters and the theoretical pore water evolution lines of oxic respiration, complete H 2 S precipitation, and no H 2 S precipitation following the closed system approach of Ben-Yaakov (1973) and Canfield and Raiswell (1991) . The aragonite saturation states and the modest alkalinity concentrations of the back-reef lagoon sediments (50, 56) indicate that the observed carbonate dissolution likely occurred during oxic respiration or the early stages of sulfate reduction or by sulfate reduction-sulfide oxidation cycles ( fig.  8 ; see scenario described in Walter and Burton 1990; Ku et al. 1999) . The lack of more pronounced pore water evidence for carbonate dissolution is somewhat puzzling considering the death assemblage and experimental shell results, but the lack may be due to relatively low concentrations of organic carbon (0.8-1.4 wt% in the mud fraction) and/or to rapid pore water-seawater exchange associated with relatively large grain sizes (muddy sands to sandy silts). Mass transport processes were seemingly rapid enough to exchange out pore water that contained dissolved sulfide and/or to lower pH values below those expected during the early stage of sulfate reduction. Note that our pore water comparison does not include reef gravels, where this effect of grain size and exposure is even more extreme (Best 2000 and forthcoming) . Other workers have noted that pore water concentrations may be poor indicators of the importance of early diagenetic reactions, especially in nearshore carbonate sediments that typically have high bioirrigation rates (e.g., Furukawa et al. 2000) .
In addition to mass transport, another feature of the San Blas carbonates that may have obscured the pore water reactions is their noncarbonate content (89%-92% CaCO 3 in the bulk sediments and 76%-84% CaCO 3 in the mud fraction; table 1). The ranges of Fe-HCl and pyrite sulfur in these carbonate sediments were 38-2600 ppm (1100-3700 ppm total Fe) and 1300-4300 ppm, respectively (table 1; Ku 2001 ; T. C. W. Ku, L. M. Walter, and M. M. R. Best, unpublished manuscript) . This contrasts with "pure" bulk carbonate sediments from Florida Bay and the Bahamas, which have 198% CaCO 3 and 30-100 ppm total iron (Morse et al. 1985; Walter and Burton 1990) . Although the iron concentrations in the San Blas carbonate sediments were low compared with the San Blas mixed and siliciclastic sediments, there may have been enough iron present to remove significant quantities of pore water H 2 S. Pore water H 2 S concentrations in San Blas carbonate sites were below detection limits, and DOP values ranged between 0.39 and 0.81 ( fig. 7) . At Pico Feo (sites 50 and 56), the DOP values increase consistently with sediment depth to values between 0.55 and 0.64, indicating that not all of the reactive iron phases have been sulfidized (fig. 7) . The HCl iron extraction may overestimate the amount of reactive iron resulting in low DOP values, but this is unlikely since the DOP values at carbonate site 58 were between 0.76 and 0.81 ( fig. 7) . It is more likely that all of the available iron has been sulfidized in the carbonate sediments of Guigalatupo (site 58, described in the next paragraph) and not in the carbonate Pico Feo sediments (sites 50 and 56). Thus, mineral sulfide oxidation via bioturbation and bioirrigation may be a significant carbonate dissolution process in these sediments.
Unlike the other San Blas carbonate sites, the Guigalatupo carbonate cay lagoon (site 58) sediments were covered with a significant nephaloid layer that produced skeletal degradation patterns due mostly to burial processes. Uniform death assemblage surface alteration patterns and distinctive comb structures in the nacre of experiment shells, without overprinting of extensive microboring, indicate that chemical dissolution was pervasive in these sediments (figs. 3, 4; Best 2000 and forthcoming). In addition, the death assemblages here displayed an anomalously high proportion of articulated shells (indicating input within a year, based on experiments reported in Best et al. 2004 ) and young shell ages compared with other carbonate sites (Kidwell et al. 2005) . Pore waters at this site approach undersaturation at ∼4 meq L Ϫ1 alkalinity and then rise to much higher alkalinity and aragonite saturation states ( fig. 8 ). As noted above, the sediment DOP values show that much of the reactive iron has been sulfidized; thus, dissolved sulfide could persist in the pore waters and lower carbonate saturation states. Most of the dissolution likely occurs in the upper 25 cm of sediment since SI aragonite values significantly increase at greater depths ( fig. 7) . These chemical observations are consistent with the taphonomic data above, all of which point to rapid shell loss by predominantly chemical processes at this site.
Pore waters from San Blas mixed (sites 53, 59) and siliciclastic (sites 54, 55) sediments were slightly supersaturated with respect to aragonite and had alkalinities between 2.4 and 4.9 meq/L ( fig.  8) . The SI aragonite values from these sites were lower than their overlying seawaters, with a minimum of ∼3 meq/L alkalinity. Further increases in alkalinity follow the 100% H 2 S precipitation pathway, which results in higher SI aragonite values, indicating better conditions for carbonate preservation with continued organic matter decomposition ( fig. 8) . The lowest SI aragonite values occur in the upper few centimeters of these sediments and are most likely caused by oxic respiration. Reactive iron phases, as represented by Fe-HCl, would immediately precipitate any produced H 2 S, thereby quickly raising the aragonite saturation state following the 100% H 2 S precipitation model line ( fig. 8 ). The concentrations of pyritic sulfur and the DOP values in the upper few centimeters of the mixed and siliciclastic sediments indicate that sulfide is rapidly removed from pore water solutions ( fig. 7 ; Ku and Walter 2003) . DOP values increase with sediment depth, showing continued sulfidization of the sedimentary iron ( fig. 7) . The mixed and siliciclastic sediments contain abundant quantities of iron phases that remove any produced sulfide from these pore waters, thus favoring carbonate mineral supersaturation and promoting carbonate precipitation, not dissolution. This is consistent with SEM observations of secondary carbonate precipitates on experimentally deployed Mytilus edulis (Best 2000) .
The high concentrations of HCl-soluble iron phases in siliciclastic-rich sediments may also promote carbonate preservation by limiting sulfate reduction and subsequent sulfide oxidation. In the mixed and siliciclastic sediments, 67%-91% of the Fe-HCl is ferric iron and a significant fraction of this ferric iron exists in clay minerals belonging to the verdine facies (Odin 1990; Ku and Walter 2003) . Recent experimental studies have provided direct evidence that bacteria can couple silicate iron reduction with organic carbon oxidation (e.g., Kostka et al. 1996 Kostka et al. , 1999 . In other tropical, iron-rich shelf sediments, it has been suggested that iron-reducing bacteria outcompete sulfate-reducing bacteria for organic matter, thereby suppressing sulfate reduction in zones of intense iron reduction (Aller et al. 1986; Alongi 1995) . If this were occurring in San Blas, acid formation by reactions between sulfide minerals and oxygenated seawater would be limited because sulfate reduction would be suppressed in the most active zones of bioturbation. Additional sulfate reduction and iron reduction rate data are required to prove the dominance of iron reduction in the San Blas sediments, but this relationship between diagenesis and sediment depth may partially explain the excellent shell preservation in the San Blas iron-rich sediments.
Conclusions
Multiple lines of evidence indicate that, relative to tropical carbonate sediments, skeletal carbonate preservation is enhanced in the mafic-rich siliciclastic sediments that characterize humid tropical arc settings: (1) skeletal carbonate is produced (both by abundant bivalves and by Halimeda) and persists in significant amounts in siliciclastic environments; (2) skeletal carbonate is in better condition in siliciclastic sediments than in carbonate sediments, both macroscopically and microscopically, with the exception that in siliciclastics it is prone to secondary precipitates, which enhance preservation; (3) skeletal carbonate persists significantly longer in siliciclastic sediments than in carbonate sediments, based on direct dating of shells; (4) skeletal carbonate is subject to more intense bioerosion in carbonate than in siliciclastic sediments owing to factors linked to grain size, and bioerosion is the primary control on shell destruction; and (5) sediment and pore water geochemistry features indicate that iron-rich siliciclastic sediments favor carbonate preservation over iron-poor carbonate sediments, because as long as sediment reworking does not cause significant degrees of sulfide reoxidation, carbonate dissolution processes are limited in iron-rich sediments.
These findings have several general implications. First, if the best preservation occurs in tropical siliciclastic muds, then bivalve fossil assemblages from siliciclastics should have experienced the least amount of bias due to incomplete preservation. However, due to the greater persistence of shells in such settings, this also implies that time averaging is greater in siliciclastic than in carbonate sediments, assuming comparable sediment accumulation. In contrast, carbonates appear to be settings of much higher rates, if not total magnitude, of shell loss and thus have potential for much more severe taxonomic bias of species richness and differences in proportional abundances. The shorter average persistence of shells, on the other hand, suggests lower degrees of time averaging per assemblage. These taphonomic trade-offs-high capture of diversity but low temporal resolution in siliciclastics versus reduced capture but high temporal resolution in carbonates-suggest quantitative if not qualitative differences in the quality of fossil assemblages from these end-member facies and that the high diversities registered from paleoreef communities are probably minimum estimates (and see Best and Kidwell 2000a, 2000b; Kidwell et al. 2005) .
Second, on a global scale, although it is natural to assume that large river systems such as the Amazon (Aller et al. 1986 ) probably dominate siliciclastic sediment supply to shallow marine systems, more sediment is probably delivered to coasts via short, steep-gradient rivers in humid tropical areas (Milliman and Syvitski 1992) . The mainland coast of San Blas provides a good example of such terrain. Large delta complexes are thus probably not good models for understanding the majority of tropical coastal sedimentation. For example, in contrast to the extensive physical reworking observed at the Amazon and Fly deltas (Alongi 1995; Aller et al. 1996) , the coastal bays and inlets of the San Blas coast are protected by offshore carbonate cays and by the various headlands created by river valley flooding during the Holocene sea level rise. In fact, coastlines with small rivers, steep gradients, humid climate weathering, and active tectonics dominated by subduction and mafic lithotypes characterize much of modern-day Central America, northern South America, and Southeast Asia. We expect that our findings in the San Blas Archipelago have relevance for these modern tropical areas, as well as their paleocounterparts.
Finally, tropical siliciclastic shelf facies generated by humid weathering of mafic source areas may be sites of significant carbonate burial due to (1) moderate carbonate production, (2) moderate to high sedimentation, (3) large areal extent of siliciclastics on tropical shelves, (4) lack of exposure of shells at the sediment-water interface (where bioerosion and dissolution are most intense) due to the low grain size of sediment, (5) pore waters that are supersaturated with respect to aragonite during early diagenesis, and (6) "annealing" of shell surfaces by precipitation of authigenic minerals. Budgets for global carbonate burial (e.g., Milliman 1993) tend to ignore the potential of shelf siliciclastics for carbonate burial. However, given the proportion of local carbonate production that may be captured, and the total production in these systems, tropical siliciclastic shelves from humid arc settings may be of the same order of magnitude as the net accumulation of biogenic carbonate in tropical carbonate shelves. 
